A detailed elemental abundance analysis has been carried out for the very metal-poor ([Fe/H] = −2.7) star BS 16934-002, which was identified in our previous work as a star exhibiting large overabundances of Mg and Sc. A comparison of the abundance pattern of this star with that of the well-studied metal-poor star HD 122563 indicates excesses of O, Na, Mg, Al, and Sc in BS 16934-002. Of particular interest, no excess of C or N is found in this object, in contrast to CS 22949-037 and CS 29498-043, two previously known carbon-rich, extremely metal-poor stars with excesses of the α elements. No established nucleosynthesis model exists that explains the observed abundance pattern of BS 16934-002. A supernova model, including mixing and fallback, assuming severe mass loss before explosion, is discussed as a candidate progenitor of BS 16934-002. -2 -
Introduction
Observational studies of stellar chemical compositions over the past few decades have revealed the presence of moderate overabundances in α elements (e.g., O, Mg, Ca) in the majority of metaldeficient stars in the halo of the Galaxy (e.g. McWilliam 1997 , and references therein). This observation is usually interpreted as arising from the expected dominant contribution of the yields of core-collapse supernovae in the early Galaxy, as compared to the yields of Type-Ia supernovae, which provide significant amount of iron, but at later times. obtained in our previous study (Aoki et al. 2005) . The new spectrum covers the wavelength range from 4030 to 6800Å, with an absence of data from 5350 to 5450Å due to the physical gap between the two CCDs. The resolving power is R = 60, 000, which is slightly higher than that of the previous observation for the blue range (Aoki et al. 2005) . For comparison purposes, the bright metal-poor giant HD 122563, which has quite similar atmospheric parameters to those of BS 16934-002, was also observed with the same spectrograph setup. Rapidly rotating, early-type stars were observed in each run to divide out telluric absorption features.
Standard data reduction procedures (bias subtraction, flat-fielding, background subtraction, extraction, and wavelength calibration) are carried out with the IRAF echelle package 4 as described by Aoki et al. (2005) . Telluric absorption features are corrected using the spectra of standard stars (see §3.1). The signal-to-noise (S/N) ratios achieved are provided in Table 1 , as estimated from the peak counts of the spectra at ∼ 4500Å.
Equivalent widths for prominent absorption lines are measured by fitting gaussian profiles. Since the spectral resolution is slightly different between the present work and that of Aoki et al. (2005) , we did not combine the spectra from these two studies. Instead, we adopt the means of the equivalent widths for the lines in common, as measured from the individual spectra. Figure 1 shows comparisons of the equivalent widths measured from these two studies. Since the agreement is quite good, we apply no corrections to the measured values. The equivalent widths finally adopted for the abundance analysis are listed in Table 2 . The root-mean-square (rms) of the difference of the two measurements is 4 mÅ.
Radial velocities are measured using clean Fe I lines; the results are provided in Table 1 . No significant change of heliocentric radial velocity was found for BS 16934-002 between the four observations from April 2001 to May 2004 (see Aoki et al. 2005) . Hence, there exists no evidence of binarity for BS 16934-002, nor for HD 122563, based on the data obtained thus far.
The equivalent widths of the interstellar Na I D1 and D2 lines for BS 16934-002 are 114.4 and 159.6 mÅ, respectively. The empirical relations between the strength of the interstellar absorption of Na I D2 and interstellar reddening by Munari & Zwitter (1997) provide an estimate of E(B − V ) = 0.050. This value supports the independent estimate for reddening obtained from the dust maps of Schlegel, Finkbeiner, & Davis (1998) (E(B − V ) = 0.032), which was adopted by Aoki et al. (2005) in the determination of the effective temperature for this star.
Abundance Analyses and Results
As in our previous work, a standard analysis using the model atmospheres of Kurucz (1993) is performed for the measured equivalent widths for most elements, while a spectrum synthesis technique is applied to the molecular bands of CH and CN, and some additional weak atomic lines. We adopt the atmospheric parameters determined by Aoki et al. (2005) ; these are listed in Table 3 . An exception is the microturbulent velocity (v micro ), which is re-determined from the Fe I lines by demanding no dependence of the derived abundance on equivalent widths. The v micro values agree well with the result of the previous analysis (the difference is 0.1 km s −1 ). The abundance results are presented in Table 4 .
Carbon, Nitrogen, and Oxygen
The carbon abundance is re-determined from the CH 4322Å band, as in our previous analysis, for the new spectrum of BS 16934-002 ( Figure 2 ). The agreement with the previous result is fairly good. The nitrogen abundance is determined from the CN 3883Å band in the blue spectrum of Aoki et al. (2005) , which was not analyzed in our previous work ( The oxygen abundances are determined from the [O I] 6300 and 6363Å lines through a standard analysis. The stellar absorption lines of the [O I] in BS 16934-002 are well separated from sky emission lines due to its large doppler shift. The telluric absorption lines are corrected using the spectra of standard stars. While significant contamination of Ni I, Ca I, and CN lines is reported for the solar spectrum (e.g. Asplund et al. 2004) , that is negligible in extremely metalpoor giants studied here. Comparisons of synthetic spectra for the [O I] 6300Å feature with the observed spectra, assuming three different O abundances, are shown in Figure 4 for BS 16934-002 and HD 122563, where the positions of telluric absorption features appearing in the original spectra are indicated. A comparison of the [O I] absorption in these two stars clearly shows the excess of oxygen in BS 16934-002 with respect to HD 122563. We note that the abundance analysis for carbon and nitrogen are made including the oxygen overabundance. The effect of the oxygen excess on the derived carbon and nitrogen abundance is about 0.1 dex or smaller.
The oxygen abundance of HD 122563 was studied by Barbuy et al. (2003) 
Elements from Na to Zn
Standard analyses are applied to the equivalent widths listed in Table 2 . The effects of hyperfine splitting on the Mn lines (McWilliam et al. 1995) are included in the analysis.
The Na abundances are determined from the weak Na I lines at 5682 and 5688Å. While the Na I D lines are measurable in the spectrum of BS 16934-002, those in our spectrum of HD 122563 severely blend with interstellar absorption, and could not be used for abundance analysis. The Na abundance of BS 16934-002, derived from the D lines, is about 0.5 dex higher than that obtained from the two weak lines mentioned above. This discrepancy is well explained by NLTE effects studied by Takeda et al. (2003) , who predicted the effect to be approximately 0.4 dex for cool giants with an equivalent width of 200 mÅ for the λ5895Å line.
We exclude the lines of the Mg triplet at 5170Å (b lines) and at 3820Å, because these very strong lines are inappropriate for precision abundance determinations. The Mg abundances determined from the 5528 and 5711Å lines, which are detected in our new spectrum, agree very well with the results from the other four lines.
The Si abundances are determined from the four Si I lines at 4103, 5772, 5948, and 6155Å. The very strong Si I 3905Å line is excluded from the present analysis. Although the three lines in the red region are very weak (W λ = 3-5 mÅ in BS 16934-002), the agreement of the Si abundances from the individual lines is fairly good. In contrast to the Na, Mg, and Al abundance ratios relative to Fe, the [Si/Fe] ratio of BS 16934-002 agrees very well with that of HD 122563.
While the abundance ratios of the iron-peak elements (Mn, Co, Ni) are very similar between the two stars, significant excesses of the elements from Na to Ti, with an exception of Si, are found in BS 16934-002, as compared with HD 122563.
Neutron-Capture Elements
Both the light neutron-capture element Sr and the heavy neutron-capture element Ba are detected in our spectra of BS 16934-002. In the abundance measurement for Ba the effects of hyperfine splitting are included, using the line list of McWilliam (1998) , and assuming the isotope ratios found in the r-process component in solar-system material (Arlandini et al. 1999 ). The heavy neutron-capture element ratio [Ba/Fe] of BS 16934-002, as well as that of HD 122563, is significantly underabundant relative to solar, as is usually found in very metal-poor stars. This implies no significant nucleosynthesis contribution from the s-process, although the complete abundance pattern of the heavy neutron-capture elements is not available for BS 16934-002.
The [Sr/Fe] abundance ratio of BS 16934-002 is more than 1 dex lower than that of HD 122563. However, given the large scatter of Sr abundances found in very metal-poor stars, the values of both stars are within the range of the Sr abundance distribution of previous observations. It should be noted that HD 122563 is a star that exhibits relatively large excesses of the light neutron-capture elements (Honda et al. 2006) , while the Sr-abundance ratio, as well as the Ba one, of BS 16934-002 are relatively low among stars with similar metallicity (Aoki et al. 2005) . This suggests that BS 16934-002 formed from material that is not well mixed in the early Galaxy, and might support our interpretation that the chemical composition of this object was basically determined by a single supernova event ( §4).
Uncertainties
Random abundance errors in the standard analysis are estimated from the standard errors of the abundances derived from individual lines for each species. However, these values are sometimes unrealistically small when only a few lines are detected. For this reason, we adopt the larger of (a) the value for the listed species and (b) the standard error derived using the standard deviation of the abundance from individual Fe I lines and the number of lines used for the species as estimates of the random errors. Typical random errors are on the order of 0.1 dex.
We also tried another estimate of random errors using the standard deviation of the difference of the two equivalent width (W ) measurements (4 mÅ) in §2. We selected several Fe I lines around 4000Å having W of 20 to 150 mÅ, and made abundance calculations changing the W by 4 mÅ. The effect on the derived Fe abundance distributes 0.07 to 0.11 dex, depending on the W . This would support the above estimate of random errors from the standard errors of abundances derived from individual lines.
The random errors of carbon and nitrogen abundances are estimated by the fitting uncertainties for the CH and CN absorption bands including the uncertainties of continuum placements. We adopted 0.1 dex and 0.2 dex as these errors for carbon and nitrogen abundances. We also reestimate the random errors for oxygen and sodium abundances, which are determined from weak absorption features and might be significantly affected by the uncertainty of the continuum level. We adopt the fitting uncertainties of 0.15 and 0.10 dex for the [O I] and Na I lines, respectively.
We adopt estimates of errors arising from uncertainties of the atmospheric parameters from Aoki et al. (2005) for HD 122563, which were evaluated for σ(T eff ) = 100 K, σ(log g) = 0.3 dex, and σ(v micro ) = 0.3 km s −1 . Finally, we derive the total uncertainty by adding, in quadrature, the individual errors, and list them in Table 4 . Abundance measurements of individual elements in metal-poor stars contain a variety of uncertainties, in addition to random measurement errors, due to errors in the adopted transition probabilities of spectral lines, errors in the adopted atmospheric parameters, and from uncertain NLTE effects. In order to avoid the influence of such uncertainties for the chemical abundances of BS 16934-002, we consider instead the abundance ratios (logarithmic differences) between BS 16934-002 and HD 122563. Although the uncertainty in the absolute abundances (e.g., [Fe/H]) remains, the difference of the abundance patterns between these two stars should be little affected by NLTE effects and errors in the atmospheric parameters. Figure 5 shows the difference in the abundance ratios between BS 16934-002 and HD 122563, on a logarithmic scale (i.e., log ǫ BS 16934−002 −log ǫ HD 122563 ), as a function of atomic number. The abundance patterns of iron-peak elements in these two stars exhibit excellent agreement. One exception might be Cr -the [Cr/Fe] value of BS 16934-002 is 0.2 dex higher than that of HD 122563.
By way of contrast, the abundance ratios of the elements from O to Ti in BS 16934-002, exhibit significant excesses with respect to Fe. The elements O, Na, Mg, Al, and Sc exhibit enhancements larger than +0.4 dex, while the excesses of Ca and Ti are smaller. An exception is Si -the Si abundance ratio of BS 16934-002 is almost identical to that of HD 122563. We note that the Ti abundances derived from Ti I and Ti II yield similar differences between BS 16934-002 and HD 122563, suggesting that the difference is real. The enhancement of Na, an element having odd atomic number, is more significant than that of Mg. Another element with odd atomic number, Sc, also exhibits a larger excess than those of Ca and Ti.
The α elements in metal-deficient stars are believed to be produced primarily by core-collapse supernovae. The observed excesses of α elements in BS 16934-002 suggests the possible contribution of "special" core-collapse supernovae, which yield high α-to-iron abundance ratios. There are two extremely metal-poor (EMP) CEMP-α stars known, CS 22949-037 and CS 29498-043, which exhibit large enhancements of the α elements (Norris et al. 2001; Aoki et al. 2002; Depagne et al. 2002) . Umeda & Nomoto (2003 interpreted the excesses of the α elements, as well as of C and N, in these objects as arising from so-called "faint supernovae", for which they modeled the mixing after explosive nucleosynthesis and subsequent fallback onto the collapsed remnant (see also Tsujimoto & Shigeyama 2003) . However, the C abundance of BS 16934-002 is not enhanced, in contrast to that of CS 22949-037 and CS 29498-043. Moreover, the total abundance of C and N in this star exhibits no significant excess ([(C+N) /Fe] = +0.14). The normal C and N abundances, along with excesses of O and Mg, are unique characteristics of BS 16934-002, the first known AEMP star.
A Possible Interpretation of the Peculiar Composition of BS 16934-002
We have carried out a nucleosynthesis calculation for a supernova whose progenitor is a 40 M ⊙ , zero-metallicity (Population III) star exploded with an explosion energy of 3× 10 52 erg (a hypernova whose explosion energy is larger than 1 × 10 52 erg, e.g., Umeda & Nomoto 2005; Tominaga et al. 2006a ). The high explosion energy is adopted to explain the large enhancement of Co observed in BS 16934-002 (Umeda & Nomoto 2002) . We assume the mixing-fallback model, where the explosively burned materials are mixed into the region of M r = 2.67-8.06 M ⊙ , and only a fraction, f = 0.025, of the mixed materials is ejected (the ejected Fe mass being 0.04 M ⊙ ), in order to approximately reproduce the overall abundance pattern of BS 16934-002 (dot-dashed line in the upper panel of Figure 6 ). Such large scale mixing and small amount of Fe ejection in the hypernova explosion can be realized in a jet-like explosion (Maeda & Nomoto 2003; Tominaga et al. 2007 ). In this model, the electron fraction, Y e , in the explosive Si-burning layer is modified to Y e =0.5001 and 0.4997 in the complete and incomplete Si-burning layers, respectively. This alteration of Y e in the inner region can be realized by the interaction of inner materials with neutrinos emitted from the collapsed remnant (Fröhlich et al. 2006; Iwamoto et al. 2006, in preparation) . However, note that Figure 6 (dot-dashed line) shows that our calculation predicts a large overabundance of carbon, which is not observed for BS 16934-002.
The observed ratios of [C/O] ∼ −1.4 and [C/Mg] ∼ −1.5 in BS 16934-002 are extremely low among known extremely metal-poor stars. We find that both ratios are −0.8 or higher in our Population III supernova yields in the mass range 13-50 M ⊙ . Carbon is mainly produced by triple-α reactions, and is located above the O and Mg-rich layers. Thus, one possible modification of the above model that might explain the lack of observed C-enhancement in BS 16934-002 is to consider the effects of significant mass loss from layers containing C-rich material from its massive progenitor during its evolution. This is an extension of the models of SN Ib and SN Ic, where the H and He envelopes, respectively, have been removed, possibly through transfer across a binary. Binary-modulated stripping is suggested for the SN IIb SN2001ig (Ryder et al. 2004 , MNRAS, 349, 1093 and has been given additional credibility up by their subsequent discovery of a stellar-like object outliving the SN, which they believe to be the WR companion of the SN Ib/c (Ryder et al. 2006, MNRAS, 369, 32) .
We calculated the internal abundance distribution of the 40 M ⊙ , Population III hypernova model, and show the results in Figure 7 . The loss of H, He, and CO-rich outer layers could be explained by common-envelope evolution in a close binary system, and later by wind-mass loss during the He and CO star phases of the progenitor evolution. 5 The solid line in the upper panel of Figure 6 shows the abundance pattern calculated assuming significant mass ejection prior to explosion. We note here that the ejection of He and C-rich layers may slightly affect the internal abundance distribution even if the H-envelope is lost during or after the core He burning phase.
However, such effect is not included in the model calculation here. The observed abundance ratios of [C/Mg] and [C/Fe] in BS 16934-002 are reproduced by this model. Here, one important concern is that the C ejected before the explosion might be swept up by the shock wave, and then possibly mixed with the supernova ejecta. The mixing process between the circumstellar matter (CSM) and supernova ejecta is still uncertain, and we here assume that the mixing with the nearby CSM is inefficient.
The observed excesses of elements with odd atomic numbers (N, Na, and Sc) are not explained by the above models. The excess of N ([N/Fe] = +0.65) could be a result of internal processes (e.g., the first dredge-up) during the evolution of BS 16934-002 itself. Indeed, a similar overabundance of N is also found in HD 122563, which has similar atmospheric parameters, and is likely to be in a similar evolutionary stage. The underproduction of Sc in our supernova model is a problem in explaining the abundances of both BS 16934-002 and HD 122563 (see below for the latter object). This may be improved by using yields of nucleosynthesis in the explosion under low-density conditions (Umeda & Nomoto 2005) , and/or a neutrino-driven nucleosynthesis (Fröhlich et al. 2006) . Neutrino-driven nucleosynthesis may also account for the overproduction of Ti isotopes observed in BS 16934-002 (Pruet et al. 2005; Fröhlich et al. 2006) . The overabundance of Na in BS 16934-002 is possibly explained by overshooting in the convective C burning shell during the evolution of the massive-star progenitor, as suggested by Iwamoto et al. (2005) . The Na abundance ejected by a supernova is determined by the extents of mixing and fallback regions. This is a possible reason for the fact that the Na overabundance is found in BS 16934-002 but is not seen in other objects.
Another important difference between BS 16934-002 and the two CEMP-α stars CS 22949-037 and CS 29498-043 might be their iron abundances. BS 16934-002 has a significantly higher iron abundance ([Fe/H] = −2.8) than the other two stars (both of which have [Fe/H] ≤ −3.5). The EMP stars are considered to be formed from the ejecta of a single Population III or Population II supernova by supernova shock compression. The metallicities of EMP stars are determined by the ejected Fe mass, M (Fe), and the explosion energy E (E 51 : in units of 10 51 ergs) of the parent supernova as follows (a supernova-induced star formation model, see Cioffi, McKee, & Bertschinger 1988; Ryan, Norris, & Beers 1996; Shigeyama & Tsujimoto 1998; Umeda & Nomoto 2005; :
where M (H) is the swept-up H mass, being roughly proportional to the explosion energy E, and C is a "constant" value as a function of the density and sound speed of the CSM. We have considered supernova explosions in an interacting binary system to explain the significant mass loss from the massive progenitor of BS 16934-002. Our interpretation, however, raises important questions as to why BS 16934-002 has such a peculiar composition, and why it alone BS 16934-002 might require binarity in order to explain the observed abundance pattern. More investigations are clearly necessary to resolve these questions.
The Spread of Mg/Fe in Extremely Metal-Poor Stars
The small spread of the observed abundance ratios of the α elements (e.g., [Mg/Fe]) in very metal-poor stars has been emphasized by recent work (e.g. Cayrel et al. 2004; Arnone et al. 2005) . The bulk of halo stars exhibit moderate overabundances of Mg, with star-to-star scatter as small as 0.1 dex, while much larger scatter is found for other elements, such as the neutroncapture elements. One possible interpretation for the small spread of the [Mg/Fe] ratios is that the Galactic halo was well mixed even in the earliest phases of its evolution (François et al. 2004 ). The Mg abundance of BS 16934-002 clearly deviates from the trend found in halo stars, suggesting that this star has a rather different nucleosynthesis history than the majority of halo objects. Other stars that exhibit departures from the abundance trend of the α elements are the ADMP stars, with large underabundances of Mg (e.g. Ivans et al. 2003) ; these abundance patterns are not simply explained by any combination of the yields of Type Ia and II supernovae. Understanding the abundance patterns of AEMP stars, as well as those of ADMP stars, remains a challenge for studies of the nucleosynthesis processes that pertain to low-mass stars in the very early Galaxy.
Although recent studies based on high-resolution spectroscopy have revealed the chemical compositions of a significant number of EMP stars, much larger studies are required in order to better understand the observed abundance trends, and the scatter about these trends, in halo stars. In particular, for the lowest metallicity range (−4.0 [Fe/H] −3.5), at least two Mg-enhanced objects are known among the relatively small number of stars (10-20 objects) investigated do date, suggesting that a large scatter of the Mg abundance ratios may exist in this metallicity regime. The AEMP star BS 16934-002 might provide the first clues for developing an understanding of the relationship between the abundance scatter of α elements in the lowest metallicity range and the clear trend found at relatively higher metallicity. This preprint was prepared with the AAS L A T E X macros v5.2. 
